Introduction
The reactivity of the radical itself such as oxygen radicals and NH-radicals by microwave exited plasma enables the formation of high quality films for silicon device at low temperatures [1] [2] .
Zinc oxide (ZnO) is a wide-band-gap semiconductor with great potential for a variety of commercial applications in short-wavelength optoelectronic devices such as light-emitting diode (LED), as previous papers have reported [3] [4] . Metal-organic chemical vapor deposition (MOCVD) has advantages in the ability of mass production and is frequently employed for the growth of ZnO films [5] [6] . We have applied radical based semiconductor manufacturing to the ZnO film growth [7] [8] .
In this paper, we fabricated the ZnO homostructural LED by plasma enhanced MOCVD (PE-MOCVD) employing microwave excited plasma, we achieved electroluminescence (EL) in forward bias at room-temperature (RT) and current-voltage rectifying charcteristics. a 2. Experiments Fig. 1 shows the schematic view of the experimental setup. The electron temperatures at the plasma excitation region and the diffusion region are very low (<2.0 eV), while the electron density at the excitation region is very high (>10 12 cm -3 ). ZnO films doped with nitrogen were grown on Zn-polar ZnO substrates using Ar gas, NO 2 gas and dimethylzinc (DMZ) as plasma excitation gas, oxygen and nitrogen radical precursor and Zn precursor, respectively. The ZnO substrates were grown by the hydrothermal method (Tokyo Denpa) and chemomechanical polishing of the substrates was carried out by Mitsubishi Chemical [9] . The stage temperature, the pressure and the microwave input power were 550 °C, 267 Pa and 1.7 W/cm 2 , respectively. In the case of 0 W/cm 2 , the films were grown by thermal-CVD. Then, we fabricated the ZnO homostructural LEDs as shown in Fig. 5(a) . The morphology, impurity and crystallinity of ZnO:N films were investigated by atomic force microscope (AFM), secondary ion mass spectroscopy (SIMS), photoluminescence (PL) measurement at 13 K and RT, respectively. The current-voltage characteristics and EL spectra of the LEDs were evaluated.
Results and discussion
Fig . 2 shows the AFM images of the surface for 300-nm-thick ZnO:N films by plasma-CVD and thermal CVD. The surface of film using plasma has the steps and terraces structure of two-dimensional growth, the steps are bunching. In contrast, the film by thermal-CVD without plasma is a three-dimensional structure with a rough surface. Fig. 3 shows the depth profiles of nitrogen and carbon concentrations in the samples of Fig. 2 , measured by SIMS. Both films contain nitrogen in a concentration of above 1× 10 20 (cm -3 ). The carbon in the film using plasma is less than that formed by thermal-CVD. Fig. 4 shows the PL spectrum from ZnO: N films of the samples in Fig. 2 . The sharp line at around 3.37 eV dues to the recombination of exicitons bound to neutral donors (D 0 X). The peak originating from the donor-acceptor-pair (DAP) at around 3.33 eV was observed [10] . The identity of the acceptor is nitrogen. Fig. 5 shows the current-voltage characteristics of ZnO homostructural LEDs. The LED formed by plasma-CVD shows rectifying characteristics, on the other hand, the LED by themal-CVD does not show them. At around 6 V in forward bias, it starts emitting a light that can be observed by the naked eye. Fig. 6 shows the EL spectrum in forward bias and the PL spectrum of the ZnO: N film of sample A in Fig. 2 at RT. In comparison with both spectra, the emission around 3.3 eV in the EL spectrum is weak. It is thought that the EL from the junction is absorbed in the ZnO:N layer. Fig. 1 Schematic structure of plasma enhanced MOCVD system employing microwave excited high density and low temperature plasma. 
Conclusions
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